ZrCl 4 was added into Mg-0.3Al model alloy in order to reduce the Al content in the castings below 0.005 mass%. Amount of ZrCl 4 was determined by thermodynamic calculation. Various Al-Zr intermetallic compounds were formed in the melt at 1013 K. Large intermetallic compounds would be floated to melt surface by Ar bubbling and then removed by skimming before pouring. Smaller ones remained after Ar bubbling and isothermal holding would be partially removed by filter inserted into a mold during pouring. The Al content in the castings was higher than that predicted by thermodynamic calculation due to incomplete removal of Al-Zr intermetallic compounds from the melt.
Introduction
Magnesium alloys are emerging materials for lightweight structural applications. [1] [2] [3] The annual production of primary magnesium ingot increased by 12% since 2001 and growth of market of magnesium will be continued for some time. 4) The refining methods of magnesium metal from raw materials are divided into two categories according to a sort of raw materials. When magnesite or sea water is used as raw material, electrolysis is mainly used as refining method and thermal reduction method is mainly applied to refine magnesium metal from dolomite. The amount of reserved magnesite in North Korea was estimated to 450000 ton, 2nd in the world. 5) So the potential for magnesium production is very high, but refining of magnesium metal from magnesite in North Korea has not been tried actively. Some years ago, KIGAM (The Korea Institute of Geoscience and Mineral Resources) started to develop the electrolysis method for refining of magnesium metal from magnesite in North Korea. Table 1 shows the result of ICP analysis of magnesium clod refined by electrolysis from magnesite mined at Yongyang, North Korea. Among the elements contained in magnesium clod, the Al content was much higher than other elements. The Al content should be controlled under 0.005 mass% during production of pure Mg ingot from clod in order to be commercialized. 6) In this study, we tried to reduce the Al content in the castings by addition of additive into model alloy of Mg-0.3Al (mass%) similar to Mg clod as shown in Table 1 and following bubbling and filtration. An additive should satisfy the requirements for formation of intermetallic compounds with Al at processing temperature and no reaction with Mg. ZrCl 4 was selected as additive among various candidates because ZrCl 4 is easily decomposed to Zr and Cl 2 gas in Mg melt due to its low melting point of 710 K and Zr can form stable intermetallic compounds with Al in magnesium melt.
Experiments
Thermodynamic calculation was carried out by using Pandat 7.0 in order to determine the amount of ZrCl 4 . Figure 1 shows the change of Al content redistributed in the Al-Zr intermetallic compounds formed at 1013 K and liquid. The Al content in liquid could be controlled under 0.005 mass% when Zr of 1:39$4:17 mass% was added into the Mg-0.3Al-0.02Fe melt at 1013 K. The amount of ZrCl 4 was determined to 3 (1.20 mass% Zr), 6 (2.44 mass% Zr), and 9 (3.73 mass% Zr) mass% on the basis of thermodynamic calculation.
1.5 kg of pure Mg ingot (99.9 mass%) and 4.5 g of pure Al ingot (99.9 mass%) were inserted into a low-carbon steel crucible in order to fabricate the model alloy of Mg-0.3Al (mass%) and heated to 1013 K in an electrical resistance furnace. After complete melting of ingots, the melt was partially picked up using ladle for analysis of composition and then ZrCl 4 was added into the melt. Ar gas was blown into the melt at flow rate of 33 ml/s for 1800 s. The melt was held isothermally at 1013 K for 3600 s and then poured into a rectangular mold in which MgO foam filter was inserted. Dross on melt surface was removed by using skimmer before pouring the melt. For analysis of composition of the castings, the chips for ICP analysis were machined from the center part of castings using drilling machine. Table 1 shows the composition of castings analyzed by ICP. As shown in Table 1 , the composition of the castings was changed per each batch and 0.02 mass%Fe was detected in all of castings. Fe can also form intermetallic compounds with Al in Mg melt. So thermodynamic calculation was carried out again for Mg-xAl-yZrCl 4 -0.02Fe system in order to predict the redistribution of Al in the melt.
Specimen with dimensions of 20 Â 20 Â 10 (mm 3 ) was cut from center part of rectangular castings for microstructural observation. The surface of specimen was mechanically polished using emery papers and diamond paste. An optical microscope was used for characterization of microstructures of castings.
Results and Discussions
ZrCl 4 added into Mg-Al-Fe melt at 1013 K is decomposed as follows;
Some of Zr dissolved in Mg-Al-Fe melt reacts with Al or Fe to make Al-Zr or Fe-Zr intermetallic compounds and Cl is exhausted as gas after decomposition. Figure 2 shows the redistribution of Al in the Al-Zr intermetallic compounds and liquid at 1013 K in Mg-xAlyZrCl 4 -0.02Fe system. The Al-Fe intermetallic compounds and any chloride were not formed at 1013 K under equilibrium condition. As shown in Fig. 2 , most of Al in model alloy can be redistributed in Al-Zr intermetallic compounds and the Al content in the casting can be controlled under 0.005 mass% when 6 mass% or 9 mass% of ZrCl 4 is added into the Mg-0.3Al-0.02Fe melt if the all of Al-Zr intermetallic compounds will be removed from melt before and/or during pouring.
But as shown in Table 1 , the Al contents in the castings after solidification were higher than theoretical values predicted by thermodynamic calculation regardless of ZrCl 4 content. It was resulted from the efficiency of Ar gas bubbling and filtration. It is well known that solid particles in melt can be floated to surface by bubbling of inert gas into melt. [7] [8] [9] [10] [11] The removal efficiency of solid particles by gas bubbling can be expressed as follows;
where T l , T g , h, V l , P, Q g and D b are melt temperature, temperature of gas in nozzle, height of melt bath, volume of melt, total attachment probability, flow rate of gas and bubble size, respectively. If the gas bubbling conditions were maintained equally for each casting and solid particles were removed only by bubble floatation, the removal efficiency of solid particles would be affected mainly by total attachment probability which is a function of particle size. As shown in Fig. 20 and Fig. 21 in reference 7) , the removal efficiency of larger particles is higher than that of smaller ones due to higher attachment probability. During Ar gas bubbling into the Mg-xAl-yZrCl 4 -0.02Fe melt and following isothermal holding, the most of Al-Zr intermetallic compounds above a critical size would be floated to the melt surface by interaction with gas bubbles and parts of those below a critical size would be remained in the melt. Large intermetallic compounds floated to the melt surface were removed by skimming before pouring the melt into a mold. Small intermetallic compounds remained in the melt would be captured by MgO foam filter during pouring the melt into a rectangular mold. Intermetallic compounds above pore size of MgO foam filter (about 130 mm) would be captured physically on filter surface and smaller ones than pore of MgO filter would be captured by depth-filtration mechanism during passing through the filter.
12) The efficiency of filtration of ceramic foam filter is dependent on various parameters including pore size and thickness of filter and viscosity of melt, etc.
13) The thickness of MgO foam filter used in this study was 10 mm. It seemed that the thickness of MgO foam filter was not enough to capture the all of intermetallic compounds when the melt passed through the filter. So some of intermetallic compounds would be included in the castings, which was resulted in higher Al content than that predicted by thermodynamic calculation as shown in Table 1 . Figure 3 shows the microstructures of Mg-0.3Al-xZrCl 4 -0.02Fe castings. As shown in Fig. 3(a) , intermetallic compounds were not observed in Mg-0.3Al-0.02Fe model alloy. But in the casting of Mg-0.3Al-3ZrCl 4 -0.02Fe (Fig. 3(b) ), many particles were observed in the matrix because they were not removed before and during pouring. As shown in Fig. 3(c) , small particles also were observed in the matrix of Mg-0.3Al-6ZrCl 4 -0.02Fe although the volume fraction of particles was much smaller than that in Mg-0.3Al-3ZrCl 4 -0.02Fe. During pouring, most of the Al-Zr intermetallic compounds would be filtered by MgO filter. But the particles below pore size of MgO filter could not be filtered completely and parts of them would be remained in the casting. So the Al contents in No. 2-2 and No. 3-2 castings were higher than those predicted by thermodynamic calculation due to incomplete removal of them during pouring as shown in Table 1 and Fig. 3 . Figure 4 shows the result of EPMA on Mg-0.3Al-6ZrCl 4 -0.02Fe casting. As shown in Fig. 4 , the particles as shown in 
Conclusions
The Al content in Mg clod refined by electrolysis can be reduced under critical level by addition of additive containing element which can form intermetallic compounds with Al at processing temperature. Bubbling of inert gas into the melt would be effective on floating the large particles to melt surface and most of particles remained in the melt after bubbling could be removed by filtration using ceramic foam filter. The removal efficiency of solid particles from melt by gas bubbling and filtration are affected by various processing parameters including melt temperature, viscosity of melt, flow rate and time of gas bubbling, pore size of filter and its thickness, etc. More study will be needed in order to evaluate the effects of processing variables on the removal efficiency of solid particles in melt and establish the optimum processing conditions for controlling the Al content in pure Mg ingot below critical level.
